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1. Introduction
It has been demonstrated in, for example, [1] that promising downlink MU-MIMO and coordinated scheduling CoMP schemes can be implemented based on the availability of long-term downlink transmit channel covariance matrices at the eNBs. 

It has previously been shown that, also for FDD systems, the downlink transmit channel covariance matrix can be obtained from the uplink Rx channel covariance matrix, by means of reciprocity. It has been shown, by system level simulations that the performance of these MU-MIMO and CoMP algorithms are robust to errors that may be introduced when these channel covariance matrices are measured in the uplink, and next translated to be used for the downlink.

Some concern has however been raised regarding the robustness or the frequency translation when applied in FDD systems with very large duplex distances (in the order of 20% of the carrier frequency). Herein we show by system level simulations that also with large duplex distances the performance is robust to the UL to DL frequency translation.

2. Uplink to downlink channel covariance translation

It should be noted that uplink to downlink CSI translations in FDD systems are only valid for wideband/long-term channel characteristics and thus relies on correlation in the channel. On the other hand, in uncorrelated channel dimensions (such as between polarizations), it is arguably more beneficial to allocate parallel streams to the same user so that the terminal can effectively do advanced interference suppression (i.e., SIC). Different UEs should be robustly separated in the correlated channel domains [2].
Regarding the statistical channel information, it is well known that the (long-term wideband) channel covariance changes much more slowly than the coherence time and bandwidth of the channel; that is, a covariance matrix that is valid on, for example, an uplink frequency band, is valid also in a downlink frequency band—given that the duplex distance, relative the carrier frequency, is sufficiently small. For larger duplex distances, frequency translation techniques can be used to improve the accuracy: One such simple translation technique was proposed in [3], and is summarized below for convenience.  The uplink and downlink antenna responses (for a uniform linear array) 
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are related as
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where the translation matrix is given by
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and  
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 is the carrier frequency that the ULA is designed for,
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 is the antenna spacing (in wavelengths) at that frequency, 
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 is the angle of arrival/departure, and
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are the downlink and uplink carrier frequencies respectively.  

By for instance estimating the dominating direction of arrival (DOA) in the uplink, 
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, an improved downlink channel covariance estimate may be obtained as
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(1)
With this downlink channel covariance estimate, the performance loss, as shown in Section 4, is negligible.

The transformation can readily be extended to more general antenna configurations, in which case the n:th diagonal element of the diagonal transformation matrix is given by
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and the downlink channel covariance matrix is obtained using Equation (1). 
Note the difference in approach herein as opposed to, for example, [4] where the assumption is made to utilize the UL channel covariance matrix in the downlink only simplistic DOA based beamforming algorithms may be used, which in effect estimates the downlink channel covariance matrix as,
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This is clearly an inferior estimate, especially for MU-MIMO applications, since significant null-space information is lost by the imposed rank one structure. However, even with this simplistic estimate, the performance loss as opposed to perfect knowledge of 
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 is small, in the order of 5 to 10% [4].
3. Antenna Considerations
For the wideband transmit channel covariance matrix to give any spatial information it is a prerequisite that the transmit antennas are calibrated; otherwise there will be rapid relative phase rotations between the antennas over frequency and the channel covariance matrix will just be a diagonal matrix without any spatial information. It should however be noted that the same holds for any wideband beamforming/precoding scheme, since the coherence bandwidth of the channel (as well as for the channel statistics) is otherwise severely decreased. 

For reciprocity based schemes to operate well in FDD it is in addition required that it is known how the antenna response vector changes over the duplex distance (in which case a transformation approach works well) or that the antenna response vector changes gracefully over frequency (in which case it may be sufficient to apply the uplink measurement directly on the downlink channel).

3.1. Antenna Calibration at the UE

It should be emphasized that the downlink transmit channel covariance matrix (as well as the uplink receive channel covariance matrix) are highly insensitive to antenna response at the UE side. In particular, the covariance matrix is entirely independent of the phases of the elements of the UE antenna response. This is readily seen by formulating the covariance matrix as
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where 
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is the k:th row of 
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 (i.e., the channel vector from the eNB to the k:th receive antenna), and 
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is an arbitrary phase rotation of the k::th receive antenna. Moreover, since the transmit covariance matrix is not foreseen to be used for link adaptation, the scaling of 
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is not of interest, and the relative UE antenna gains will consequently have limited impact.
3.2. Antenna Switching at the UE

One issue that is typically identified with reciprocity based beamforming in TDD based on SRS are UEs that are limited to a single Tx chain since these terminals can only excite the channel partially in a single SRS transmission. This is however only a limitation when tracking the instantaneous channel, since long-term channel statistics can be obtained by averaging over multiple SRS transmissions, on which antenna switching can be employed to fully excite the channel. Even for terminals that does not support antenna switching, it should be noted that the spatial characteristics of the transmit channel covariance with respect to the different receive antennas are highly similar. In the case of co-polarized eNB antennas it generally holds that 
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in which case the channel covariance matrix can be measured (up to a scaling factor) regardless of which UE antenna is used for the SRS transmission.

3.3. Cross Polarized Antenna Configurations

As was noted in [5], for polarized antenna setups the limited leakage between polarizations may impact the uplink covariance measurement when the terminal is restricted to transmission on a single antenna. For example, if the terminal is equipped with a VH-cross pole, but may only transmit on the V-antenna, the uplink measurement on the eNB H-polarized antenna will only receive a highly attenuated signal.
However, in case of such polarized antenna configurations at the eNB, the separations between polarizations should be exploited to improve the channel estimate. For example, if the eNB has a set of V-H cross-pole pairs (where the V-polarized antennas are the first antennas and the H-polarized antennas the last antennas), then 
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will have a block diagonal structured as


[image: image22.wmf]ú

û

ù

ê

ë

é

»

R

0

0

R

R

~

~

H

V

DL

g

g

.

where the normalized matrix 
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determines the spatial information within a polarization group. Note that since there is no (or very limited) correlation between the polarizations, the beamforming should be performed within a single polarized antenna group [6], and the relative powers 
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 and 
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have limited practical value, and will have limited impact on the performance (note that a CQI based approach is assumed for the link adaptation). By, for instance, setting
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, can be estimated jointly from measurements from both polarizations. Alternatively, the long-term relative polarization powers, 
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 and 
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can be estimated by other means—for instance by collecting statistics from the CQI feedback. 

4. Performance Assessment of UL to DL Channel Covariance Translation
To demonstrate the performance loss that results by using an estimated transmit covariance matrix 
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, obtained by the UL to DL translation in Equation (1),  as opposed to using the true covariance matrix 
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, the throughput was evaluated by means of system level simulations. To stress the frequency translation, the duplex distance was set to 400 MHz in the 2 GHz frequency band. The evaluations are based on the MU-MIMO / coordinated beamforming scheme in [1] (coordination within a 3 sector site), which relies on the spatial information provided by 
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. The simulation assumptions are summarized in Appendix A. It is further assumed that the base station is aware of the uplink long-term, wideband transmit channel covariance matrix, 
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. Spectral efficiency results are presented in Figure 1 for UMa. It is seen that the differences in results between the use of 
[image: image34.wmf]DL

R

ˆ

 and the true DL channel covariance matrix, 
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, are negligible whereas using the non-transformed uplink channel covariance matrix,
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, without compensating for the duplex distance causes a performance drop in the order of 10%. 
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Figure 1  Downlink spectral efficiency and cell-edge user spectral efficiency (left), and downlink user throughput distributions (right) with downlink-based and transformed uplink-based 
[image: image38.wmf]DL

R

ˆ

 for UMa. 

5. Conclusions
Herein we have studied the performance of using a translated uplink channel covariance matrix as opposed to the true downlink channel covariance matrix for FDD systems with large duplex distances. The performance, evaluated in a MU-MIMO setting, shows that the loss incurred by using the uplink channel covariance matrix is negligible. This indicates that promising downlink MU-MIMO/CoMP techniques can be implemented in both FDD and TDD based on measurements in the uplink, thus avoiding the need for additional standard support for UE feedback.
6. References

[1] R1-093488, “LTE Spectral Efficiency and IMT-Advanced Requirements”, Ericsson, ST-Ericsson

[2] R1-094441, “On transparent and non-transparent MU-MIMO“, Ericsson, ST-Ericsson

[3] R1-092737, “On CSI feedback for IMT-Advanced Fulfilling CoMP Schemes,” Ericsson, ST-Ericsson
[4] R1-100205, “Use of Uplink Covariance Matrix for Downlink MIMO in FDD”, Motorola

[5] R1-100118, “Discussion on long-term channel reciprocity in FDD”, Samsung

[6] R1-100852, “PMI-based multi-granular feedback for SU/MU-MIMO operation”, Ericsson, ST-Ericsson

[7] ITU-R, M.2135, “Guidelines for evaluation of radio interface technologies for IMT advanced”

[8] R1-092283, “Outcome of discussion on common baseline assumptions”, Ericsson

A. Models and Assumptions

Models and assumptions are aligned with the guidelines provided by ITU [7], unless otherwise stated along with the results. In addition to these, a set of LTE-specific system models, aligned with [8], are used. These are summarized in Table 1. The downlink overhead is calculated according to Table 4 in [1]. Results are presented for a control region size of L=3. 

Table 1  Models and assumptions beyond the IMT-Advanced Guidelines
	Parameter
	Value

	Duplex method 
	FDD

	Frequency band
	UMa: 2 GHz band,400 MHz duplex (DL: 2110 MHz, UL: 1710 MHz)

	Bandwidth
	10 MHz DL + 10 MHz UL for FDD

Note: 90% of nominal bandwidth occupied by subcarriers 

	Scheduler
	Proportional Fair in Time and Frequency

	Downlink transmission scheme 
	MU-MIMO / coordinated beamforming 

Single stream per user, SDMA between users (MU-MIMO) 

	Receiver type
	MMSE with intercell interference suppression capabilities

	HARQ scheme
	Incremental redundancy, synchronous, adaptive

	Network synchronization
	Synchronized, not explicitly utilized 

	Link adaptation
	Non-ideal, based on delayed feedback

	Antenna configuration
base station
	Co-polarized antennas separated 0.5 wavelengths 
(illustration for 4 Tx: |||| )

	Antenna configuration UE
	Baseline:
Vertically polarized antennas
0.5 wavelengths separation at UE

	Channel estimation
	Non-ideal channel estimation 

Non-ideal Channel Quality Indication (CQI), CQI Error per RB is N(0,1)dB 
CQI parameters
6ms delay 
5ms reporting period

	Feedback channel errors
	Error-free, but quantized and delayed. 

	Control Channel Overhead, Acknowledgements etc. 
	See Table 3 and Table 4 in [1]
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� Note that there was a sign error in the exponent in the definition of the transformation matrix in � REF _Ref242005112 \r \h ��[3]�


� It is assumed that the eNB has calibrated antennas, and that the frequency DL/UL duplex distance, relative the carrier frequency, is sufficiently small.
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